A series of titanium-substituted manganese oxides, Li x Ti y Mn 1-y O 2 (y= 0.11, 0.22, 0.33, 0.44, and 0.55) with the Na 0.44 MnO 2 structure were prepared from Na x Ti y Mn 1-y O 2 (x ≈ 0.44) precursors. The electrochemical characteristics of these compounds, which retain the unique double-tunnel structure during ion exchange, were examined in lithium/polymer electrolyte cells operating at 85° C. All of the substituted cathode materials intercalated lithium reversibly, with Li x Ti 0.22 Mn 0.78 O 2 exhibiting the highest capacity in polymer cells, about 10-20% greater than that of unsubstituted Li x MnO 2 made from Na 0.44 MnO 2 . In common with Li x MnO 2 , the Ti-substituted materials exhibited good capacity retention over one hundred or more cycles, with some compositions exhibiting a fade rate of less than 0.03% per cycle.
Introduction
Li x MnO 2 with the Na 0.44 MnO 2 structure has recently been used as a cathode material in both lithium/liquid electrolyte and lithium/polymer cells at 85°C [1, 2] . Little or no capacity fading is seen during prolonged cycling in either configuration. The remarkable reversibility is particularly noteworthy in the elevated temperature cells, because the spinel LiMn 2 O 4 tends to lose capacity rapidly when cycled in acidic electrolytes above 55°C [3] . Other desirable features of this material include phase stability to about 400°C [4] , resistance to degradation during over-charge or -discharge [5] , and the ability to be discharged rapidly (up to 5C rate) with good capacity retention [1] . The characteristics of robustness and excellent reversibility are particularly attractive when the requirements for hybrid electric vehicle (HEV) batteries are taken into consideration; cost constraints mandate the use of inexpensive electrodes such as manganese oxides, but materials must demonstrate abuse-tolerance and be able to withstand thousands of high-power, shallow cycles. For applications such as electric vehicles (EVs) or consumer devices, however, a higher specific energy may be required than that currently provided by this material.
If lithium ions were constrained to the equivalent sodium sites in Li x MnO 2 with the Na 0.44 MnO 2 structure, the theoretical capacity would be 193 mAh/g, corresponding to a composition range of x = 0 to 0.66. There is, however, evidence that more of the smaller Li ions can be inserted [4] , and that the lithium tunnel sites are different from those occupied by sodium [12] . In practical cells, less lithium is cycled because not all the lithium ions in the structure can be extracted before oxidation of polymer or liquid electrolytic solutions takes place. The reversible capacity depends upon the cell 3 configuration and temperature, current density, voltage limits, and how the sample is prepared. 120 mAh/g is the maximum observed for ambient temperature liquid electrolyte cells discharged at C/3 rates between 4.2 and 2.5 V. The capacity of ion-exchanged materials (prepared prior to incorporation in cells) declines as the sodium content decreases. Na 0.44 MnO 2 can deliver up to 150 mAh/g in sodium/polymer cells [6] or 140 mAh/g in lithium/polymer cells (N.B., some ion exchange occurs in situ [7] ). This compares to about 95-100 mAh/g for fully exchanged Li x MnO 2 in lithium/polymer cells under the same conditions. Ion exchange also has the effect of steepening the discharge profile of these compounds, thereby decreasing utilization between practical cell voltage limits.
Differential capacity plots obtained from potential step experiments on lithium cells containing compounds with the Na 0.44 MnO 2 structure show the variation in electrochemical characteristics with extent-of-exchange; specifically, the intensities, breadths, positions, and numbers of peaks are sensitive to sodium content. A possible explanation for these differences is that sodium ions prop open the tunnels (as evidenced by the dependence of unit cell volume on sodium content), allowing improved access by lithium ions [8] . While the higher capacity is desirable, slow exchange occurs in situ, causing steepening of the discharge profile and decreasing capacity delivered between set voltage limits as cells are cycled. To increase capacity but maintain the excellent cycling characteristics of Li x MnO 2 with the Na 0.44 MnO 2 structure, other methods besides using sodium ions to increase unit cell size and alter the discharge characteristics were investigated. The purpose of the current study was to investigate of the effect of partial substitution of titanium for manganese on the discharge and cycling characteristics. impurity was detected, the powders were re-ground with NaOH and re-fired. The products obtained after this treatment were phase-pure, and black or brown-black in color. Some powders were attrition-milled for eight hours prior to electrochemical testing. One sample of Na x Ti 0.22 Mn 0.78 O 2 was prepared at 1000° C. In this case, the slight excess of sodium led to the formation of a small amount (<5%) of a sodium-rich layered phase similar to Na 0.7 MnO 2+y [9] . This material was prepared for structural studies and was not tested in electrochemical cells. Na x Ti 0.22 Mn 0.78 O 2 was also prepared by a sol-gel technique. First, 200 mL of a 0.2M solution of titanium isopropoxide (Aldrich Chemical Company) was mixed with 200 cc of distilled water, maintained at 50 °C under reflux, and stirred for four hours. The pH was then adjusted to 3 by adding nitric acid to the clear sol. Manganese nitrate and sodium hydroxide were then added to the stirred solution, which turned brown. A small amount (approximately 2% w/w) of polyethylene glycol (MW = 10,000) was added to the solution to aid in dispersion [10] . After three days of stirring, the solution was filtered, dried, and calcined for four hours at 850 °C. A small amount of a layered phase (<5%) was detected in the product, but the major phase was the expected tunnel compound. Na x Ti y Mn 1-y O 2 powders were ion-exchanged by heating them in a molten saltmixture of 68-mol% LiNO 3 /32-mol% KNO 3 at 230 to 250° C. A 2 to 5-fold excess of the 5 Li salt was used, and the supernatant liquid was poured out and replaced twice during the exchange, which typically took 48 hours. The powders were washed well with distilled water and dried for several days at 140°C. X-ray diffraction (XRD) analysis indicated that the exchanged compounds were isomorphous with the sodium-containing precursors.
Experimental
Layered contaminants such as that found in the sol-gel preparation converted to spinel upon ion exchange, but the majority phase was always a material with the Na 0.44 MnO 2 structure. Nominal compositions and experimental values for titanium and lithium content obtained by laser/ablation mass spectroscopy for the compounds studied are presented in Table I . The agreement is good, although there are deviations at high Ti content that may be due to the use of manganese oxide references that do not contain titanium. The nominal compositions are used throughout this paper. Scanning electron microscopy (Microspec ISI-DS 130C dual stage SEM) was used to observe the particle morphology of the samples. X-ray powder diffraction patterns were obtained using a Siemens D500 6 diffractometer with Cu Kα radiation and a diffracted beam monochromator. Cell parameters and atomic positions were determined by Rietveld refinement.
Components for cells were fabricated and liquid electrolyte and polymer electrolyte cells assembled as previously described [1] . Polymer cell assemblies were equilibrated at 85±0.5°C in a convection oven for at least one hour prior to testing. A MacPile II (Bio-Logic, SA, Claix, France) was used for both galvanostatic and potentiostatic experiments. For electrochemical potential spectroscopy experiments (ECPS), the potential was stepped 10 mV every 4 hours, or until the current had decreased to 1/1000 of its initial value, between 2.5 and 3.5 V. Galvanostatic charges, discharges and cycling experiments were carried out between set voltage limits (most commonly between 3.6 and 2.5V), with rest periods of 0.25 to 1 hour between half cycles.
Results and Discussion

Structure and Composition of Electrode Materials
The structure of the parent compound, Na 0.44 MnO 2 , is shown in Figure 1 .
Columns of edge-sharing MnO 5 square pyramids and sheets of edge-sharing MnO 6 octahedra two and three units in width extend parallel to the c-axis. These are connected by corner sharing to form two types of tunnels containing sodium ions. Na1 sites are located in the smaller tunnels, and Na2 and Na3 in the large S-shaped tunnels. There are five sites with different symmetries for the manganese ions. Mn1 is located at special position (0, 0.5, 0) in the central MnO 6 octahedron in the row of three and comprises 11% of the total manganese content. The four other types of manganese (Mn2, Mn3, and Mn5 in MnO 6 octahedra and Mn4 in the square pyramid) each comprise 22% of the total Mn 7 content. In as-prepared Na 0.44 MnO 2 , Mn in the Mn1, Mn2, and Mn3 sites is in the +4 oxidation state, Mn in the Mn4 and Mn5 sites is in the +3 oxidation state, the sodium sites in the small tunnels are nearly fully occupied, while in the larger tunnels the Na2 sites are about two-thirds full, and the Na3 sites are about one-third full [4, 12] . Na 4 Mn 4 Ti 5 O 18 was first prepared from a melt of TiO 2 , sodium oxalate, and MnO 2 at 1200°C by Mumme [13] (prior to discovery of Na 0.44 MnO 2 ). A single crystal study verified that it has the structure shown in Figure 1 The difficulty in dissolving these materials and the lack of suitable reference compounds thwarted an accurate determination of their composition, but estimates were obtained using laser ablation/mass spectroscopy ( Table 1 ). Figure 4 shows XRD patterns of Li x Ti y Mn 1-y O 2 , the lithium-exchanged compounds, and Figure 5 shows a refinement typical of those from which the structural parameters listed in Table 3 were derived. In some cases, occupancies of lithium sites were higher than expected, implying the presence of small amounts of sodium, although none was detected by laser ablation/mass spectroscopy. The XRD experiment is extremely sensitive to traces of sodium, however, and is relatively insensitive to light elements such as lithium. made from a conventional precursor. (A very small, sharp set of peaks at around 3.0 V could be assigned to the spinel contaminant in the sol-gel material).
It has been suggested that peaks in the ∆Q/∆V plots of Li/Li x MnO 2 cells are due to lithium ordering in the tunnels [2] , but this seems somewhat unlikely given that several types of sites with differing symmetries are possible for these ions. A more plausible explanation is that selective reduction/oxidation of Mn in specific sites occurs with concomitant structural changes, resulting in distinct, highly reversible, phase transitions.
An XRD study of Na 0.44 MnO 2 and its chemically exchanged, reduced, and oxidized derivatives [12] showed that Mn in the Mn1 site is in the +4 oxidation state in utilization for the cell in Figure 9 at 0.5 mA/cm 2 , is equal to that found for The rate capability and utilization of Li x MnO 2 electrodes is strongly dependent upon synthesis method and processing details [1] . The crystals are needle-like with the tunnels, along which lithium ion diffusion occurs, aligned parallel to the long axis. At present, the only known mechanism for capacity loss in lithium cells directly attributable to electrodes with the Na 0.44 MnO 2 structure involves a very slow transition to an unknown phase with inferior electrochemical properties during deep discharge [4] .
The phase transition is manifested as a large, broad, and irreversible peak below 2.5 V in ∆Q/∆V plots from ECPS experiments performed on cells stepped to low voltages for tens or hundreds of hours. In galvanostatic experiments, there is a pronounced hysteresis in the shapes of cycling curves below 2.5 V, which can be repeated over many subsequent deep discharges until the conversion is complete. These features are seen upon deep discharge of Li/P(EO) 8 Unfortunately, attempts to do so with the titanium-doped materials by grinding or soft chemistry synthesis (e.g., sol-gel) have resulted in inferior performance due to contamination or different substitution patterns of the Ti.
These results suggest that there is no intrinsic advantage to substituting these manganese oxides with titanium at present. While somewhat increased capacity is obtained when 22% of the manganese is replaced with titanium, it appears to come at the expense of rate capability and cycle life. The random distribution of titanium throughout these materials makes it difficult to produce homogeneous powders with small particle dimensions to offset the sluggishness, as can be done with unsubstituted Li x MnO 2 .
However, this study does show that it is possible to modify the discharge profiles by chemical modification of manganese oxides with the Na 0.44 MnO 2 structure, and offers some insight into how this influences the electrochemical characteristics. The capacity between set voltage limits is determined not only by the size of the unit cell in manganese oxides with the Na 0.44 MnO 2 structure, but also by the redox activity of the substituting ion and the specific sites where manganese is substituted. Capacity, mAh/g Discharge number Figure 10 
